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Renal disease profoundly alters cortical interstitial cell function. Inter-
stitial cells were cultured from explants of the unilaterally hydrone-
phrotic, contralateral, and normal kidneys. Two types of cells were
identified in culture, macrophages, and cells which were tentatively
identified as fibroblasts. Cells grew at a significantly faster rate in
hydronephrotic compared to contralateral or normal kidneys. Cells
from the hydronephrotic kidney increased prostaglandin (PG)E2 pro-
duction in response to bradykinin. Cells from contralateral and normal
renal cortex did not increase PGE2 production in response to bradyki-
nm. These results indicate hydronephrosis induces functional changes
in interstitial cells cultured from the cortex of hydronephrotic compared
to contralateral and normal kidneys. The induction of increased PGE2
synthesis and bradykinin responsiveness in hydronephrotic cortex
could be related to the exaggerated prostaglandin synthesis known to
occur in hydronephrotic cortex. In hydronephrosis, cortical interstitial
cells elaborate increased amounts of substances such as prostaglandins
which have the capacity to modulate important parameters of renal
function.
La maladie rénale altère profondément le fonctionnement cellulaire
interstitiel cortical. Des cellules interstitielles ont été cultivées a partir
d'explants de reins hydronéphrotiques unilatéraux, controlatéraux et
normaux. Deux types de cellules ont été identifies en culture, des
macrophages et des cellules qui ont été identifiées comme des fibroblas-
tes. Les cellules grandissaient a une vitesse significativement plus
grande chez les reins hydronephrotiques par rapport aux reins controla-
téraux ou normaux. Les cellules d'un rein hydronephrotique augmen-
taient Ia production de prostaglandines (PG) E2 en réponse a la
bradykinine. Des cellules de cortex renal controlatéral et normal
n'augmentaient pas Ia production de PGE2 en réponse ala bradykinine.
Ces résultats indiquent que l'hydronephrose induit des modifications
fonctionnelles des cellules interstitielles cultivées a partir du cortex de
rein hydronephrotique par rapport aux reins controlatéraux et nor-
maux. L'induction d'une augmentation de synthese de PGE2 et d'une
sensibilité a La bradykinine dans le cortex hydronephrotique pourrait
être reliée a une synthèse de prostaglandines exagerée, connue pour se
produire dans le cortex hydronephrotique. Dans l'hydronephrose, les
cellules interstitielles corticales élaborent des quantités accrues de
substances comme les prostaglandines qui ont Ia capacité de moduler
des paramétres importants de la fonction rénale.
Interstitial infiltration in the renal cortex is a feature of a
number of renal diseases and may be the prominent histological
manifestation of a sizable proportion of chronic renal failures
[1]. Urinary tract obstruction is a frequent cause of interstitial
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nephritis in humans [2]. Experimental hydronephrosis is associ-
ated with an increased number of cells in the renal cortical
interstitium. Nagle, Johnson, and Jervis [3] and Nagle et al [4]
demonstrated that there is a proliferation of interstitial cells in
experimental unilateral hydronephrosis. Further, it has been
suggested that this interstitial reaction could be related to
changes in renal function. For example, the cortical interstitial
cells have been postulated to be responsible for the increased
prostaglandin production exhibited by the hydronephrotic kid-
ney [5]. These data indicate that unilateral ureteral obstruction
provides a good model to evaluate renal cortical interstitial cell
function in experimental renal disease. The purpose of these
experiments was to develop techniques for isolating and charac-
terizing renal cortical interstitial cells. The techniques were
then applied to the evaluation of renal cortical interstitial cells
in the unilaterally hydronephrotic kidney (HNK), the contralat-
eral (CLK), and normal kidney (NK).
Methods
Animals. New Zealand white male rabbits (Eldridge Labora-
tory Animals, Inc., St. Louis, Missouri) weighing 2 to 3 kg were
used in all experiments.
Media. Serum-free Alpha-Minimal Essential Medium (a-
MEM) was obtained from K. C. Biological, Inc., Lenexa,
Kansas, and was supplemented with fetal calf serum (FCS). A
serum-free hormonally defined medium which promotes growth
of renal epithelial cells was kindly supplied by Dr. Lewis R.
Chase [6]. This defined medium contained a 1:1 mixture of
Ham's Fl2 and Dulbecco's modified Eagle's medium contain-
ing l-glutamine (2 mM), gentamicin (50 g/ml), insulin (5 g/ml),
transferrin (5 tgIml), and prostaglandin E1 (50 ng/ml).
L-cell conditioned medium containing macrophage growth
factor was prepared according to Stanley et al [7]. This medium
was collected from continuously maintained cultures of L-929
cells (C3H mouse fibroblasts). These were passaged in vitro by
seeding 2 x l0 cells in 20 ml of a-MEM containing 10% FCS
per 75 cm2 tissue culture flask (Falcon Products, Oxnard,
California). After 1 week at 37°C in 5% C02, the medium was
decanted, filter-sterilized and stored at —20°C. For use in an
experiment, an appropriate volume of L-cell conditioned medi-
um was thawed and added directly to cell cultures.
Induction of hydronephrosis. To induce unilateral hydrone-
phrosis, rabbits were anesthetized with intravenous sodium
pentobarbital at 25 mg/kg. The left ureter was exposed just prior
to its entry into the urinary bladder and was tightly ligated with
no. 2 silk suture.
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Culture of cells from hydronephrotic and contralateral kid-
neys. On day 4 following ureteral ligation, both kidneys (hy-
dronephrotic and contralateral) were removed from sacrificed
rabbits. Under aseptic conditions, the capsule was removed,
and the kidney was immersed three times in a-MEM. Kidneys
were bisected in the sagittal plane. The medulla was carefully
dissected away from the cortex and discarded. Using a no. 2
cork borer, explants were cut and removed from the kidney
cortex and placed in 3 ml of c-MEM containing 5% FCS. All
cultures were incubated at 37°C in 95% air—5% CO2. Forty-
eight hours later, explants were removed and discarded, and the
media were replaced with fresh media containing 10% FCS and
10% L-cell conditioned medium. The time of explant removal
was designated as day 0.
Additional experiments were performed with explants and
hormonally defined medium which promotes growth of epitheli-
al cells. Explants were prepared as described above and placed
in serum-free hormonally defined media.
Total cell counts. Total cell counts were performed on an
electronic particle counter (Coulter Model FN) according to the
method of Stewart, Cramer, and Steward [8]. Pronase (Grade
B) was obtained from Calbiochem, Behring Corp., La Jolla,
California. The counting solution consisted of 300 g cetyltri-
methylammonium bromide, 0.37 g disodium EDTA, and 8.5 g
NaCl adjusted to a final volume of 1000 ml with water (the pH
was adjusted to 5.0 with HC1).
Differential cell counts. Macrophages were identified by their
ability to phagocytize heat-killed yeast cells [9]. Baker's yeast
was prepared at a concentration of l0 cells/mi in phosphate-
buffered saline (PBS) and autoclaved. To determine the per-
centage of cells that were phagocytic, aliquots of the yeast
suspension (0.05 mi/lO cm2 of culture dish surface area) and
freshly reconstituted (1:3 with saline) guinea pig complement
(Grand Island Biological Co., Grand Island, New York) at 0.1
ml per ml of culture medium were added to each culture. After a
30-mm incubation at 37°C in 5% C02—95% humidified air, the
cultures were rinsed with PBS and stained with 3% methylene
blue—10% formaldehyde solution. Differential counts were
determined by microscopic observation of several x200 fields
of stained cultures. A minimum of 300 cells was counted per
culture, and cells were scored as either phagocytic or nonpha-
gocytic. The fraction of the cells (average from duplicate
cultures) that were macrophages was then determined and this
fraction was multiplied by the total cell count (average from
duplicate cultures) to yield the total number of macrophages.
Nonspecific esterase stain. Macrophages were also identified
by their uptake of nonspecific esterase, as described by Koski,
Poplack, and Blaese [101. Briefly, cultured cells were fixed with
a 3% formaldehyde solution (phosphate-buffered) and stained
with hepatized pararosaniline. Hepatization was carried out
with freshly prepared 4% sodium nitrite in 2 N HC1. All cultures
were counterstained with 0.5% methyl green. Macrophages
were distinguished by the presence of multiple intensely red-
stained granules in the cytoplasm. Esterase-negative cells were
identified by the green counterstain. Because there was no
significant difference between the numbers of phagocytic and
esterase-positive cells, the number of macrophages was esti-
mated by using the average of these two values.
Alkaline phosphatase detection. To determine if renal tubule
epithelial cells were present in our cultures, the alkaline phos-
phatase staining procedure of Ackermann [11] was done. Brief-
ly, after fixing the cells from selected cultures with cold 10%
formalin—90% methanol, the cells were incubated for 30 mm
with Naphthol AS-MX phosphate (Sigma Chemical Co., St.
Louis, Missouri) in the dark. Fast Blue RR (Sigma Chemical
Co.) was used as the diazonium salt. These cultures were
counterstained with Mayer's hematoxylin solution. For a posi-
tive control, cultures of murine renal tubule cells also provided
by Dr. Chase were used. L-cell fibroblasts from C3H mice were
employed as the negative control.
Prostaglandin production. To measure prostaglandin produc-
tion, the media of cells incubated 4, 7, or 11 days were replaced
with fresh a-MEM with 10% fetal calf serum. The cells were
incubated in this medium for 30 mm at which time the media
were removed and replaced with fresh media. Preliminary
experiments indicated that PGE2 production was constant for
three consecutive 30-mm periods. Experiments were then per-
formed in which bradykinin, 1 tg, was added at the end of the
first 30-mm period. Cultures were incubated with bradykinin for
30 mm. Media from the first, control, and the second experi-
mental periods were analyzed for PGE2 content. PGE2 was
measured in each medium by a previously described radio-
immunoassay technique [121. The data were expressed as the
difference between the control and experimental periods.
Cyclic AMP analysis. Fourteen-day cultures were analyzed
for cyclic AMP content. Fresh a-MEM containing 2 mM 1-
methyl-3-isobutylxanthine and test agent was added to each
plate for 30 mm. Reactions were terminated by aspiration of
media and the addition of 0.5 ml of 0.05 M sodium acetate buffer
(pH 4.0). Cells were scraped off the plates with a rubber
policeman and heated at 95°C for 10 mm. Cyclic AMP was
assayed directly by the protein binding method [131 as modified
by Mashiter et al [141. Cyclic AMP content was expressed as
picomoles cyclic AMP per plate.
Statistical analysis. Duplicate plates from each rabbit were
analyzed for each experimental condition. Values for duplicate
plates were then averaged into a single value. Data for each
determination were expressed as mean SEM for six rabbits.
Statistical differences between individual data points for each
day were evaluated by the Student's t test for unpaired values.
The growth of cells derived from explants was evaluated with
the exponential equation y = Aeb(. Using a repeated measures
analysis of variance, all groups (Figs. 4 and 5) exhibited
exponential growth. The slope (b) for each curve was used to
calculate the doubling time and to compare growth rates.
Statistical differences between slopes were assessed using a
repeated measures factorial analysis of variance.
Results
Figures 1, 2, and 3 show cells from HNK, CLK, and NK,
respectively, which had grown in culture for 7 days after
removal of the explant. Two types of cells were noted. The
predominant cell type was variably larger, multishaped, fre-
quently multinucleated, and grew in large confluent sheets.
They never exhibited phagocytic properties and were tentative-
ly identified as fibroblasts. The other type of cell was a smaller
rounded monocytic cell which ingested yeast and stained posi-
tively for C-l esterase. These cells were identified as
macrophages.
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Fig. 1. Photomicrograph of cells of hydronephrotic kidney grown in culture for 7 days. Two cell types are observed, a large multishaped cell and a
smaller cell which ingested yeast. (x200)
The possible presence of renal tubular cells in the tissue
culture was evaluated. HNK, CLK, and NK explants were
cultured in defined media designed to elicit growth of renal
tubular cells 6j. No cells grew from the explants under those
culture conditions. However, when these explants were re-
moved from the tubule promoting medium after the routine 2-
day incubation and recultured for 2 days in the medium used for
growth of interstitial cells (a-MEM with 5% FCS), the intersti-
tial cells grew. Adding tubular promoting media to HNK and
CLK interstitial cells in the growth phase, day 4, caused the
interstitial cells to stop growing and to actually decrease in
number with time. Interstitial cells did not stain for alkaline
phosphatase. Renal tubular cells grown in tubular promoting
media stained positively and showed a high level of alkaline
phosphatase activity. Interstitial cells, when grown to con-
fluency, never exhibited the presence of domes while renal
tubule cells consistently demonstrated dome formation [15].
Therefore, based on morphological and histochemical data,
renal tubular cells were not present in our explant-derived
cultures.
Table 1 shows the effects of various agonists on cyclic AMP
content of 14-day HNK and CLK cells. PGE2 and forskolin
increased cyclic AMP content. However, parathyroid hormone
(PTH), antidiuretic hormone (ADH), and calcitonin had no
effect on the cyclic AMP content of these cells. Similar experi-
ments performed on renal tubular cells grown in tubular pro-
moting medium showed PTH, ADH, and calcitonin-induced
increases in cellular cyclic AMP content (Dr. Chase, personal
communication). Thus, based on biochemical data renal tubular
cells were not present in our explant-derived cultures.
The rate of growth of fibroblast-like cells from normal, CLK,
and HNK cells on days 0, 4, 7, and 11 are plotted in Figure 4.
Cells from each type of kidney exhibited exponential growth
characteristics. The doubling times were determined to be 6.9,
5.1, and 2.4 days for normal, CLK, and lINK cultures, respec-
tively. Statistical analysis of the slope for each exponential
growth curve indicated that the growth rate of HNK cells was
significantly greater than either normal or CLK cells (P < 0.01).
However, the growth rates of CLK and normal cells were
similar. In addition, the number of fibroblasts in lINK cultures
was significantly greater than cultures from normal kidneys and
CLK at each day examined (P < 0.01).
Macrophage growth curves are illustrated in Figure 5. These
cells divided much more rapidly than fibroblasts present in the
same cultures. The doubling times were 3.1 and 1.8 days for
CLK and HNK cultures, respectively. The growth rate of
macrophages derived from HNK explants was significantly
greater than CLK-derived macrophages (P < 0.01). Cultures
from HNK had significantly more macrophages than CLK
cultures at each day examined (P < 0.01).
Under the conditions of these experiments, basal production
of PGE2 was at the lower limits of our detection. Bradykinin
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Fig. 2. Photomicrograph of cells of a contralateral kidney grown in culture for 7 days. Two cell types are observed, a large multishaped cell and a
smaller cell which ingested yeast. (x200)
had no effect on PGE2 production by cells from coritralateral or
normal kidneys but caused a significant increase in PGE2
production in hydronephrosis at 4, 7, and 11 days (Fig. 6).
There was no measureable difference in cell counts of the
contralateral kidney at 11 days compared to the hydronephrotic
kidney at 4 days. However, bradykinin increased PGE2 produc-
tion at 4 days in the hydronephrotic but not at 11 days in the
contralateral kidney. Therefore, cell densities could not ac-
count for the differences in PGE2 production between hydrone-
phrotic and contralateral kidneys.
Discussion
An interstitial reaction is a prominent component of urinary
tract obstruction with hydronephrosis. Nagle, Johnson, and
Jervis [3] and Nagle et al [4] demonstrated an increase in
interstitial cells in the cortex of the hydronephrotic rabbit
kidney. The present experiments were performed under condi-
tions designed to favor interstitial cell growth. When explants
were incubated in media that promotes the growth of renal
epithelial cells [6], no cells grew from the explants. This was not
surprising because renal tubule cells are generally cultured in
serum-free medium [6]. In fact, there is evidence that serum
inhibits growth of tubule cells [161. The media used in these
experiments contained 10% fetal calf serum which favors the
growth of fibroblasts. The lack of staining with alkaline phos-
phatase is consistent with the absence of renal tubule cells in
these cultures. S1 and S2 renal epithelial cells are rich in alkaline
phosphatase which is demonstrable by this histochemical tech-
nique [17, 18]. As positive controls, renal epithelial cells grown
in tubule promoting media did stain positively for alkaline
phosphatase. Also, there was no evidence for the presence of
renal epithelial cells in the cultures grown in serum-containing
media as assessed by hormonal activation of adenylate cyclase.
PTH, ADH, and calcitonin had no effect on cell cyclic AMP
content. However, PTH, ADH, and calcitonin have been
shown to stimulate renal tubule cell adenylate cyclase [19].
Finally domes, a characteristic of transporting epithelium in
tissue culture [15], were never observed in these experiments.
Morphological, histochemical, enzymatic, and physiological
data were all negative with respect to the presence of renal
epithelial cells in the cultures. In addition, these cells were not
supported by serum-free hormonally defined media which fa-
vors the growth of renal tubular cells and discourages the
growth of mesenchymal cells. All of these data indicate the cells
grown in the serum-containing media were renal interstitial
cells.
Nagle, Johnson, and Jervis [3] and Nagle et al [4] identified
two cell types in the interstitial area in histological sections of
the hydronephrotic rabbit cortex. One was a fibroblast and the
other an unclassified monocyte. In our cultures two cell types
were isolated. One was a mononuclear cell which ingested yeast
and was C-l esterase positive. This cell type was, therefore, a
macrophage. The second cell type was identified tentatively as
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Fig. 3. Photomicrograph of cells of a normal kidney grown in culture for 7 days. Two cell types are observed, a large multishaped cell and a smaller
cell which ingested yeast. (x200)
Table 1. Effects of various agents on cyclic AMP content of cells
derived from contralateral and hydronephrotic (day 14) kidney
explants
Addition Concentration
Contralateral Hydronephrotic
pmolesl4 x 1O cells
None 24.5 1.6 23.5 0.8
PTH 5 U/mI 26.0 1.0 24.5 1.0
ADH 25 mU/mi 29.0 2.1 26.5 1.1
Calcitonin 2 x l0— M 29.8 1.5 25.2 0.2
PGE2
Glucagon
Forskolin
l0— M
2 x l0— M
l0— M
50.7 9
25.9 1.2
971 150
38.6
25.5
920
4.5
4.4
130
a fibroblast. This was based on the morphological appearance
of the cell and its growth in defined media. It was large, grew in
confluent sheets, and was not phagocytic. This cell type which
demonstrated multiple cytoplasmic processes did not grow in
tubule-defined medium which suppresses the growth of the
fibroblasts but did grow in media which favors the growth of
fibroblasts. Therefore, this cell type was identified tentatively
as a fibroblast. However, definitive identification of this cell
type awaits improved techniques of identifying and classifying
cells grown in tissue culture.
Two similar cell types were isolated from contralateral and
normal kidneys. The cell morphology and histochemical char-
acteristics were similar among hydronephrotic, contralateral,
and normal kidneys. However, the cells from hydronephrotic
kidneys exhibited different growth characteristics than cells
from normal or contralateral kidneys. Both cell types in the hy-
dronephrotic kidney exhibited more rapid growth than those
respective cells in the normal or the contralateral kidney.
Because these cells were grown together in tissue culture from
explants of renal cortical tissue, there could be an effect of one
cell type upon the growth of the other. Consequently, it is
difficult to determine accurately the proliferation kinetics of the
individual cell types. These data do suggest, however, that
obstruction of the ureter induces proliferation of the renal
cortical interstitial cells. Whether there is also an infiltration of
cells into the hydronephrotic kidney cannot be answered by
these studies.
This increased proliferation in HNK could be a specific renal
cortical response to the tissue injury associated with hydrone-
phrosis. Stimulated macrophages are known to exhibit an
altered function compared to unstimulated macrophages [201.
For example, intraperitoneal inoculation of mice with BCG
causes peritoneal macrophages to exhibit the capacity to kill
tumor cells in vitro [211. Fibroblast responsiveness can also be
altered by macrophages [22, 231. The rate of proliferation of
fibroblast-like cells was also greater in hydronephrotic than in
either normal or contralateral kidneys.
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Time, days
Fig. 4. Fjbroblast-like cells in cultures from normal, contralateral, and
hydronephrotic kidneys at day 0, 4, 7, and 11. On day 0, the explants
were removed after 48 hr of incubation. Symbols: +, P <0.01 normal
vs. hydronephrotic kidney; ', P < 0.01 contralateral vs. hydronephrotic
kidney.
Fig. 5. Macrophages in cultures from contralateral and hydronephrotic
kidneys at day 0, 4, 7, and 11. On day 0, the explants were removed
after 48 hr of incubation. Symbol: *, P < 0.01 contralateral vs.
hydronephrotic kidney.
APGE2 ng/
incubation plate
12
0 ——— 0 ——-
CLK HNK CLK HNK CLK HNK
Day4 Day7 Dayll
Fig. 6. Bradykinin-stimulation of PGE2 synthesis in cells derived from
contralateral (CLK) and hydronephrotic kidneys (HNK). Symbol: *, P
<0.01 contralateral vs. hydronephrotic kidney.
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tration of bradykinin. The hydronephrotic cortex is known to
respond to bradykinin with marked increases in PGE2 24]. The
similarity between slice and cell culture data strongly suggests
that at least part of the changes in PGE2 production associated
with hydronephrosis are related to cortical interstitial cells.
Intrarenal prostaglandin production has been implicated in the
pathophysiological changes in renal blood flow which occur
with hydronephrosis 25]. Our data suggest that PGE2 produced
by interstitial cells may be involved in those changes in renal
blood flow observed in hydronephrosis. Our observations indi-
cate that the presence of interstitial cells in the cortex of the
ureter-ligated kidney changes the characteristics of that tissue
to one that responds to bradykinin and produces larger amounts
of PGE2. Chronic interstitial nephritis is a disease characterized
pathologically by the interstitial infiltration of fibroblasts and
macrophages [I]. A frequent cause of interstitial nephritis is
urinary tract obstruction 12]. Our studies indicate that the
interstitial reaction to an experimental form of interstitial ne-
phritis, urinary tract obstruction, consists of cells which exhibit
an altered function compared to cell cultures from normal
kidneys. These interstitial cells elaborate increased amounts of
substances such as prostaglandins which have the capacity to
modulate important parameters of renal parenchymal function.
Several models of renal disease share a characteristically en-
hanced cortical PGE2 synthesis consistent with cell prolifera-
tion and invasion. This process may in fact be a common event
in renal inflammatory processes.
*
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The data indicate a different functional profile for the intersti-
tial cells from the abnormal (hydronephrotic) as compared to
the control (normal and contralateral) kidneys. Thus, the cells
from the hydronephrotic kidney were the only ones tested
which demonstrated increased PGE2 production with adminis-
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